In this work, we first propose a precise geometry for any arterial stenosis. Then we use the CFX-ICEM-ANSYS 15.0 code to perform a computational simulation of blood flow in the aortic arch, both in the healthy case and in the case of presence of stenosis in the left sub-clavian artery with various stenosis degrees. Then, we discuss our results obtained for the main hemodynamic parameters (velocity, pressure, wall shear stress) and compare them with those obtained from medical imaging and numerical studies. We also study the turbulent effects, via a modeling of the Reynolds number in function of stenosis degree, the length of recirculation zone and the critical narrowing.
Introduction
Artherogenesis refers to the growth of atheromatous plaques in the inner lining of the arteries. The hemodynamic conditions associated to artherogenesis are generally observed where arteries change significantly their geometry (bifurcation, junctions, branches, ect…). Moreover, it is generally believed that low-shear stress regions are the most vulnerable to artherogenesis, Ku and al (1985) .
Stenosis is certainly the most frequent vascular complication, Donnelly and London Nick (2009) . In fact, arterial Stenosis is abnormal narrowing or restriction present in the inner wall of blood vessel due to the deposition of cholesterol, fatty materials, cellular waste etc. Then, it is often described only by its percentage in both clinical and scientific studies. We found in the literature many attempts of mathematical modeling of the stenosis geometry with various degrees and eccentricities, Deshpande (1977), Ahmed and Giddens (1983) , Ahmed and Giddens (1984) , Varghese and al (2007a-b) , Sadeghi and al (2011) , Akbar and Nadeem (2014) , Kartik (2016) , to name but some. These models have been used to study hemodynamic parameters of blood flow (Velocity, pressure and Wall shear stress). In fact, the mostly of these models showed, for instance, that the low wall shear stress appears to be closely related to the development of arteriosclerosis, Grigioni and al (2002) , and that the turbulent aspect of the flow (via its Reynolds number) may further the plaque rupture, Loree and al (1991) .
In this context, many CFD simulations have been performed and contributed enormously to identify artherogenic arterial sites, Berger and Jou (2000) , Schächinger and Zeiher (2002) , Sloop and al (2015) , to name but some. It is shown that plaque build-up over the artery walls is most common in the aorta and its main branches, especially at the level of carotid arteries. In fact, the carotid artery is particularly subject to deposition at its bifurcation and ruptured plaque pieces may be deported to the brain, where they may cause neurological symptoms or a stroke, Ku (1997) , Berger and Jou (2000) . Nevertheless, locating the probable sites of plaque rupture has been more difficult and therefore, the attention was focused on the search of the hemodynamic conditions that lead to plaque rupture and then to an AVD. Furthermore, SAS is a significant form of peripheral artery disease, which may be a marker of diffuse atherosclerosis and increased risk for cardiovascular events. It represents approximatively 2% of the free-living population and 7% of the clinical population, Shadman and al (2004) . Hemodynamically significant stenosis of the subclavian artery usually presents with symptoms of upper limb ischemia on the ipsilateral side as the lesion. It may also present as SSS with symptoms of vertebro-basilar insufficiency as a result of retrograde flow in the ipsilateral vertebral artery, Potter and Pinto (2014) . The subclavian steal phenomenon is certainly more prevalent in the left subclavian artery and its symptoms, including diplopia, dizziness, vertigo, syncope and dysarthria, are indications of vertebrobasilar ischemia caused by diminished blood pressure due to a proximal stenosis or occlusion of the left subclavian artery.
Numerical and experimental studies may help to elucidate in vivo data obtained by using DUS or MRI. Therefore, a computational simulation based on a realistic geometric model of stenosis can lead to an accurate understanding of hemodynamic characteristics of blood flow in these stenotic sites, and so it will permit an improvement of medical diagnostics and surgical decisions made by clinicians.
In a previous work, Moumen and Djemaï (2016) , and using CFX-ICEM-ANSYS code, we have investigated the hemodynamic parameters in the case of a normal aortic arch anatomy and in the case of aortic coarctation pathology, and compared the obtained results with those obtained for a proposed model without and with coarctation, while introducing a real tridimendional magnetic resonance imaging geometry in the simulation process. We then concluded that our proposed model reproduces, with a high agreement, the real case obtained from imaging data.
The main aim of our work is to apply our realistic stenosis geometry for the case of LSCA with stenosis, in the case of commonly called SSS, and to perform a computational simulation of blood flow in the healthy case and the stenotic case in view to study the change in the hemodynamic Moumen F et al.
parameters, and comparing them with those obtained from medical imaging and numerical studies. This paper deals with the case of a steady flow through the left subclavian stenosed artery with fixed boundary conditions, while a second paper in preparation will treat the case of pulsative flow, where physiological boundary conditions extracted from imaging data will be adopted. Finally, we will focus our attention on turbulent aspects.
Our Geometrical Model
Hereunder, we expose our geometrical model of the healthy aorta and our model of the geometry of an arterial stenosis.
Geometry and meshing of our healthy aorta model
Firstly, in the proposed model, Moumen (2010), we represent the aorta arch as a 180° curved circular tube with an interior radius of 0.37 cm and an external radius of 2.57 cm, to be statistically in the average of real aorta sizes. We link to this tube a rectilinear cylindrical tube of diameter of 2.20 cm and length of 4 cm to represent a part of the descending aorta. The three principal aortic arteries are also represented by three cylinders with diameters of respectively 0.94 cm, 0.60 cm and 0.66 cm. Using ICEM-CFX code, we obtain the following meshing (262410 nodes and 1547453 tetrahedral elements) and geometry ( Fig. 1) .
Figure 1.Geometry and meshing of healthy aorta model
This configuration only models and approximately represents the real aortic arch. Although this geometry appears to be somewhat simple, however it is fairly well representative of the statistically real anatomical case. Moreover, many authors have used geometries quite similar to ours, for instance, the relatively recent articles, Sultanov and al (2008) , Sultanov and Guster (2008) , Hiratzka and al (2010) , Benim and al (2011), Gao and al (2011) , Wittek and al (2013) .
Secondly, this model of aorta was validated in a previous article, Moumen and Djemaï (2016) . In fact, this validation was done through the realization of the geometry and meshing (with 154,331 nodes and 901,105 tetrahedral elements) of a real aorta (MRI data furnished by LIB-UPMCParis under STL format), (Fig. 2) , and then a comparison (with great success) of our aorta model with the real aorta. 
Our stenosis geometry model
In the literature, there are many various geometries that are proposed to represent the arterial stenosis. In the following, we present our own geometrical model of a axisymmetric arterial stenosis, which is not considered in the literature at all.
Firstly, we consider that the healthy arteries of medium or large caliber are of circular cylindrical geometry, (Fig. 3) :
Then, we consider that the process of plaque build-up over the inner arterial wall will create a particular geometrical form for the incipient stenosis, under the direct influence of the variations of the hemodynamical parameters characterizing the pulsatile blood flow at some artherogenic arterial sites. Here, we consider the length of this site is equal to h ( ).
Among various possible geometrical forms that stenosis may take, we have opted for the choice of a hyperboloid of one sheet, (Fig. 4) . Let's recall some properties of the one-sheeted hyperboloid. It is a doubly ruled surface and when it is oriented along the z-axis, the one-sheeted hyperboloid with skirt radius is described by the following Cartesian equation:
where represents exactly the radius in the plan , i.e at the peak of the stenosis, (Fig. 4) , and its parametric equations are given by:
, ,
where .
The radius r(z) for some is given by:
so that the radius at the top cross section ( ) is given by:
The volume of this one-sheeted hyperboloid with total height h is given by:
. while is the volume of the non-stenosed cylinder of total height h.
In this work, we adopt for the following definition of stenosis degree:
where is the unobstructed area and is the throat area.
In this case, knowing the radius R of the considered artery, the stenosis is then parameterized by its length h, its degree and its skirt radius :
and we have:
Computational Simulations Of Blood Flow

General assumptions and considerations
Firstly, the blood is considered as an incompressible non-Newtonian fluid, although the Newtonian feature is generally accepted as a reasonable first approximation to the non-Newtonian behavior of blood at shear rates observed in large arteries, Perktold and al (1991a Secondly, we consider the blood flow as steady fully developed turbulent flow. Thirdly, we ignore the distensibility of the vessel walls, such that they are assumed to be smooth rigid (non-elastic) walls. This assumption appears to be more realistic especially in the case of plaque build-up which makes the inner artery walls more rigid with no slip conditions.
We also adopt as an inlet boundary condition the normal speed of 150 cm/s, and as an outlet boundary condition the relative pressure of 60 mmHg. Several recent numerical studies have treated the stenotic steady flows as we do in this paper, Varghese Gaur and Gupta (2014) , to name but some. We motivate our choice of these boundary conditions as follows. Firstly, since we are dealing with the steady flow case, the choice of the normal averaged velocity value (150cm/s) as an inlet boundary condition appears to be the more indicated choice, since it corresponds to the usual pressure inlet condition (80mmHg) commonly used in diverse steady state simulations. Secondly, since in the presence of a narrowing the flow exhibits a resistance and consequently an increase of both velocity and shear stress and also a pressure drop (All these are quantities of physiological relevance), we have assigned the value of 60mmHg (≈8kPa) as an outlet boundary condition in view to study the variations of these hemodynamic parameters, and in particular the pressure drop Δp since this latter is a very important clinical index (See for instance, Effat and al (2016) ). We have tried other values of this outlet pressure, for instance the value 100mmHg (≈13.33kPa), and find that the measured drop pressure is exactly the same, while the profiles of velocity and WSS remain exactly the same as for the first outlet condition. Obviously, our outlet condition is applied to all outlets.
Our computational simulation results using ANSYS-ICEM-CFX 15.0 concerns the profiles of pressure, velocity and WSS in all the cases and, in order to ensure the convergence of each time step, we set the convergence criterion for the relative residual for all dependent variables equal to 10
In all our simulations, we apply the high Reynolds number k-ε turbulence standard model, because we are interested to highlight the fully developed turbulent aspect of the flow. The k-ω turbulence model is rather more adapted for the low Reynolds pattern. In fact, as shown in Bluestein and al (1997) , and Bluestein and al (1999) , the development of vortical structures in the flow field near the walls for high Reynolds numbers leads to enhanced platelet deposition.
Henceforth, in this work, the Reynolds number is equal to Re=10812 for the case of healthy aortic arch, and to Re=10869 for the case of a stenotic left sub-clavian artery with α=75%. With these values of Reynolds number greater than 10000, and according to Incropera and al (2007) , we are effectively in presence of a fully developed turbulent flow in the LSCA.
In another hand, it is actually well admitted that the most important factors that characterize the artherogenesis and plaque rupture are: Low WSS, high OSI, He and Ku (1996) , and secondary flow. Since, in this paper we deal with a steady flow, we can only discuss the WSS and the recirculation flow.
Hereunder, we present our computational simulations for the case of a healthy aortic arch and also for the only case of stenotic left sub-clavian artery with stenosis degree α=75%. We have also realized computational simulations for the cases α=25%, 50%, 80%, 85%, 90%, 92%, 95%, 97% and 99% whose results will serve us to treat the turbulent via a modeling of the Reynolds number in function of the stenosis degree. We reserve the section 6 for an overall discussion about all the results obtained in this work.
Case of our healthy aortic arch model
Using our geometrical model of healthy aorta described in section 2.1., we realize computational simulations of the blood flow through the aorta and its main branches and we obtain the following profiles of pressure, velocity and wall shear stress, (Fig. 5-7 ).
Case of a stenotic left sub-clavian artery
In this section, we have used our geometrical model of stenosis introduced in section 2.2., in view to study the left sub-clavian artery stenosis. We adopted a realistic position of the stenosis at the beginning of the left sub-clavian artery (at 0.5cm from the beginning of this aortic branch) as shown in Figures below corresponding to the case of stenosis degree α=75%. In all the case, the length h of the stenosis is considered equal to 1cm, and the obtained computational meshing for the three cases are respectively: (261929 nodes and 1544468 tetrahedral elements), (261549 nodes and 1542179 tetrahedral elements), and (261320 nodes and 1540893 tetrahedral elements), that provide a satisfactory spatial resolution.
Inserting our geometrical model of stenosis into our geometrical model of aorta, at the level of the left subclavian artery, we realize the following computational simulation of the blood flow through the stenosis and we get the profiles of pressure, velocity and wall shear stress, for the cases α=25%, 50%, 80%, 85%, 90%, 92%, 95%, 97% and 99%. Hereunder, we present only the figures corresponding to the case of α=75%, (Fig. 8-10 ). 
Turbulent Effects. Reynolds Number Vs Stenosis Degree
It is well known that turbulence develops when the blood passes through an arterial stenotic location. Many models have been studied to study the hypothesis that turbulence near a deposed plaque can give rise to pressure fluctuations that may at its turn cause plaque rupture. For instance, for symmetric stenoses at carotid artery flow rates, Grigioni and al (2002) , peak pressure fluctuations were observed 1-1.5 upstream diameters distal to the stenosis, but there were no significant turbulent pressure fluctuations at coronary artery flow rates. However, stenosis asymmetry strongly increased the intensity of turbulent pressure fluctuations at flows simulating carotid flow and resulted in significant pressure fluctuations for coronary flow conditions. These studies predict peak to peak pressure fluctuations of 15 mmHg in a 90% asymmetric coronary stenosis. In conclusion, it is possible that turbulence may play a role in acute damage of atherosclerotic plaques, particularly in asymmetric stenoses.
The Reynolds number is a dimensionless quantity that is used essentially to help distinguish between flow patterns in various fluid flow situations. It is defined as the ratio of inertial forces to viscous forces, and is written as:
where is the fluid density of the blood, V its velocity, its dynamic viscosity, its kinematic viscosity and D=2R is the (stenosis degree-dependent) artery diameter. In fact, to study blood flow through curved arteries (like the aortic arch), it is more indicated to use the Dean number defined as follows: where δ is the radius of curvature (in our aortic arch model, it is equal to 1.47cm).
When the artery is obstructed by means of a stenosis whose degree is , then the diameter reduces to , where, (See section 2.2):
On the other hand, the velocity of the blood flow at stenosis site also varies in function of . Then, we can deduce mathematically that the velocity of the blood flow at stenosis site will vary in function of as follows:
.
In the table 1, we resume the essential data obtained not only for Reynold numbers, but also for the averaged values of pressure, of velocity and of WSS at the stenosis peak by, issued from our computational simulations for various stenosis degrees. Now, using these data, we have realized the following modeling of the behavior of the Reynolds number in function of the stenosis degree by the function:
and using Mathematica, we found the following graph, (Fig. 11) , with a = 10812 = Re(0), b = 7208=2 Re(0)/3, c = 10 and d = 4/3, such that we get :
It follows that:
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Using Origin software, we also obtain the following graphs for pressure, velocity and WSS at the stenosis peak in function of the stenosis degree α, (Fig. 12-14) .
For discussions concerning all these results, we refer to the section 6. Before presenting the recent results concerning sub-clavian steal on DUS, as a consequence of a left subclavian stenosis, which is our main aim in this paper, let's first recall some
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basic physical notions. In fact, these can offer some insight into the manifestation of sub-clavian stenosis. When fluid travels through a smaller area A and flow Q is constant, then its velocity V increases:
Hence, blood traveling through an area of stenosis will travel more quickly than in the normal case. Moreover, Bernoulli principle states that an increase in the speed of the fluid occurs simultaneously with a decrease in pressure or a decrease in the fluid's potential energy. So according to this principle, when blood moves at higher velocity, it exerts lower pressure. Thus, the fast moving blood distal to a stenosis is at lower pressure than usual for that area.
During systole, flow is greatest, therefore velocity is greatest and then pressure is lowest distal to the stenosis. With even greater stenosis, the pressure differential can be so great as to cause a transient stoppage of blood flow during diastole, as regular forward flow is matched by a gradient favoring reversed flow. This manifests on spectral DUS as a deep notch reaching the x axis (the point of zero velocity). As even greater stenosis causes a greater pressure differential, flow transiently reverses in the vertebral artery. This is represented on the spectral DUS by regions of negative velocity during systole.
Furthermore, a recent review, Ochoa and Yeghiazarians (2010), reveals that few practitioners consider the importance of upper extremity arterial disease, like the left subclavian stenosis. As a matter of fact, the left subclavian artery is four times more likely to be affected than the right or innominate arteries, Schillinger and al (2002) . However, once obstructive disease affects other aortic arch vessels, namely the carotid or vertebral arteries, the likelihood of steal or ischemic symptoms drastically will increase.
While the definitive diagnosis usually rests on medical imaging, the importance of a thorough physical exam must be underscored. As such, a systolic cuff pressure difference or gradient (in the case of invasive assessment) of > 10 mmHg can be used to delineate hemodynamic significance and justify further investigation. Once a significant blood pressure difference is found, the next step should involve diagnostic imaging. In this case, DUS with color flow is the most indicated non-invasive exam. It can detect a significant stenosis if its findings include some indications about waveform dampening or monophasic changes, color aliasing suggestive of turbulent flow, and increased blood flow velocities at the suspected site(s) of stenosis.
Although more expensive, other complementary invasive imaging exams could be used to confirm the diagnosis, such as CT angiography (CTA) and/or magnetic resonance angiography, or contrast angiography, Schillinger and al (2002) . The first provide an excellent anatomical resolution with potential assessment of not only the subclavian artery but other supra-aortic vessels as well, and the second is very helpful with its invasive hemodynamic measurement of subclavian lesions.
Discussions, Conclusions, Limitations And Perspectives
Relevance of the subject
One of the main goals for numerical investigations of the blood flow in the thoracic aorta, and in particular in the aortic arch, is to well understand changes in flow patterns and associated pressures in the presence of aortic pathologies, such as sub-clavian steal disease. Indeed, this pathology induces an internal geometry deformation of the left subclavian artery, which induces at its turn significant changes in the hemodynamic characteristics of the flow. These phenomena would affect the normal blood circulation, and strong turbulence would occur, and then affect the arterial walls, leading ultimately to the need of surgical intervention to avoid fatal events.
The pathogenesis is mainly embolic sometimes hemodynamic (stenosis or occlusion by thrombosis superimposed in the absence of sufficient substitution). Hemodynamic mechanism is well aware of some transient ischemic attacks (TIAs) arising on the occasion of a temporary drop in blood pressure (orthostatic hypotension, antihypertensive medication, shock, ...) such as the subclavian steal, which is characterized by the vertebral artery flow inversion, due to a stenotic lesion in the origin of the subclavian artery. Subclavian steal syndrome is a constellation of signs and symptoms caused by retrograde flow of blood in the vertebral artery due to ipsilateral arm exercise or exertion. In general, the so-called SAS refers to narrowing of one or both of the subclavian arteries. The risk of stroke is correlated to the degree of stenosis, the irregularity of the plate, the hypoechoic appearance and the worsening of stenosis on successive scans.
Although SAS is not very common, it is estimated in the general population as a whole to be around 2-4%, while in (2010)). It can arise from a number of pathological conditions, with atherosclerosis being the most common by far. It is considered as a disease of smokers and of diabetics, and it was observed that the LSCA is involved more often than the right (Statistically, 4 times more commonly affected).
SAS can be suspected when some significant blood pressure difference is found between the arms. The presence of subclavian stenosis is suspected when this difference is greater than 20 mmHg. In these patients, routine blood pressure should be measured in the higher side. It is very important to know that up to 50% of patients may have concurrent coronary artery disease. Thus, it is expressely indicated to complete the exam with radiographic imaging tests, such as Ultrasound technique, that may show evidence of subclavian steal on the ipsilateral side, and CT/MR angiography, that will allow direct visualization of degree and extent of stenosis.
It could happen that SAS is complicated with SAA, Wu J., and al (2016). Nowadays, clinically it is well established that angioplasty and stenting are the only good option to treat SAS and SAA and then the Coronary-subclavian Steal Syndrome, with high level of technical and clinical success.
As CFD is a technique for cardiovascular medicine and a very strong tool for clinician practionners, this work has as objective to provide them with some precious indications concerning the variation of the various hemodynamic parameters, and in particular arterial pressure and turbulent effects, in the case of left SAS for different stenosis degrees.
To our knowledge, this subject has not been previously studied, in this precise context. We have planned to treat this subject in two phases. First, we treat the limit case of steady flow in view to get some useful indications. Then, we will treat the case of a pulsative flow in a future work (in preparation).
Choice of geometries and limitations
Firstly, our models of aorta and stenosis geometries have proved their efficiency in the case of aortic coartation, Moumen and Djemaï (2016) . Nevertheless, we think that there is a lot of to do to make these models more statistically representative of the real physiological aorta geometry and the real stenosis shape. This limitation could be overcome by using CT image based aorta models.
Another limitation was the assumption of rigid artery wall and the no-slip condition. Aorta walls are thick and elastic in nature. The fluid-structure interaction has to be taken into account to get findings from the CFD simulation very close to the reality.
In this work, we have also considered the blood fluid as an incompressible non-Newtonian fluid, and a steady fully developed turbulent flow, using Carreau model for the blood viscosity and k-ε turbulence standard model for turbulence effects. As a logical continuation of this work, we plan to use the pulsative aspect of the flow and use the adapted inlet/outlet boundary conditions extracted from original imaging data. We could also choose other viscosity models (For instance, Casson model) and also another turbulence model (The k-ω turbulence model is more suitable to treat the pulsatile flow through stenosis, as we have already noticed it before). We have also to study other parameters tied to this case, like the OSI index especially. These are other limitations that will be resolved in our future work.
Finally, from Table1, it is deserving to notice that the meshing and geometry used in our computational simulations are very satisfactory and provide us a good spatial resolution since the number of nodes is superior to 260000 and the number of tetrahedral elements is superior to 1500000.
CFD simulations, hemodynamic parameters profiles, recirculation zone and indications
The profiles obtained from numerical simulation of blood flow through our healthy aorta model, (Fig. 5-7) , show that the velocity of flow is growing in the aortic arch and reaches its maximum at the bifurcation points where vortex loops form, that the pressure increases as we move away from the center of curvature of the aorta (This increase is also visible in the vicinity of the branches of the arc), and that shear forces are highly dynamic, but are generally high along the outer wall near the branches and low along the inner wall.
In the stenotic cases with increasing α, we observe that the blood passes to high speeds and produces high gradient velocity field, (See Fig. 8 ). Two vortices are developed at both proximal regions of the stenosis, and a recirculation zone, which is associated with the separation of the boundary layer from the right internal wall, appears in the post-stenotic region. We also observe that these vortices and recirculation flow become more important when α increases. The formation and propagation of the recirculation zone is one of the most important phenomena in the post-stenotic region, Mittal and al (2003) .
Thus, in our work, we observe that, at a point on the proximal downstream region of the stenosis, the flow separates and a shear layer and recirculation zone are formed. The length L R of the recirculation zone behind the stenosis is used to better characterize the blood flow, (See for instance, Griffith (2007), Chapter 5: "Steady Flow Through an Axisymmetric Stenotic Geometry", page101).
In fact, the recirculation length can be easily
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determined by tracking the wall shear stress and marking the z-location at which it changes sign. We explain the fact that the recirculation length L R increases with stenosis degree α by the following relation, Mittal and al (2003) :
where K is a constant (to be adjusted), D=2R is the nonstenosed left subclavian artery diameter and Re = Re(α) is the Reynolds number for some degree stenosis α, whose modeling is given by, (See section 4):
Another important point of interest in this study is the observation of a pressure drop in the stenotic left subclavian artery which increases with the stenosis degree α, (See Fig.  9 ). From these profiles, we observe that the blood flow first enters in the constriction and the increase in velocity results in a steep drop in the pressure coefficient which reaches its minimum at the stenosis site. Beyond this point, the flow enters the expansion and the pressure coefficient exhibits a steep increase.
However, because of this strong adverse pressure gradient, the boundary layer on the wall separates just behind the stenosis. Pressure losses generally become significant only for stenoses whose degree is greater than 50% (See Table1). Our findings show that the pressure drop at the stenosis peak can reach nearly 50mmHg at the famous critical value of stenosis degree.
Separation of flow can also contribute to pressure loss and is a major factor at lower stenosis degrees. Thus, separation will occur in most arterial stenoses. A strong shear layer at the interface of the separation region and the central jet creates additional viscous losses. Figure 10 shows that the wall shear stress is maximal at the throat of the stenosis. This will also contribute to viscous losses. We deduce that, for low-degree stenoses, the wall and separation shear layers produce most of the losses. For high-degree stenoses, turbulence is the major loss mechanism.
Reynolds number, behaviour of pressure, velocity and WSS at the stenosis site
From Table1, we have tried to study the evolution of the Reynolds number as well as the other hemodynamic parameters (Pressure, velocity and WSS) at the center of stenosis in function of the its severity measured through its degree α.
Since we have focused our attention on the fully developed turbulent behavior of the flow, we have been naturally interested to find a modeling of the Reynolds number in function of α. It is given by Fig. 11 . We find that Re increases with α until nearly the value α = 90%, and then it decreases. This means that the turbulent effects (creation of vortex and formation of a recirculation zone) become more and more important in both sides of the stenosis (See Fig. 10) . In this work, we have proposed a modeling of this turbulence evolution in function of the severity of the stenosis. This finding could be directly tied to the possible rupture of plaque and then to an Atherosclerotic Vascular Disease (AVD) which is the principal cause of myocardial infarction (heart attack), stoke, ischemic heart pain and sudden cardiac death.
It is well established actually from statistical results that four primary regions (of low WSS) in the human body are the most common sites of plaque formation: The coronary arteries, the major branches of the aortic arch such as the carotid and subclavian arteries, the visceral branches of the abdominal aorta such as the renal arteries, and the terminal branches of the abdominal aorta such as the femoral arteries.
Such sites are of particular clinical interest since these arteries supply the heart, the brain, and other organs essential for homeostasis. Any anomaly that could disrupt blood flow to such organs could cause significant morbidity or mortality.
In our work, we have chosen the left subclavian artery stenosis as an example, and we adopted for it the closest position to the real case.
From Fig. 14 , we see that the WSS increases with the stenosis degree α until a critical value of α slightly greater than 80%, and then it decreases. The same remark could be made for the velocity and this could be easily explained by Bernoulli equation, (See Fig. 13 ). In this situation, the external pressure may be greater than the internal fluid pressure, and the artery could really collapse if obviously we consider that the walls are no longer rigid. Indeed, in a physiological blood flow, artery walls are compliant and respond to the fluid pressure and wall shear stresses. Nevertheless, we note strangely that the velocity decreases from this critical value of α. We consider this critical value as a strong signal of an almost complete occlusion of the artery from which the SSS begins.
Conversely, as expected, the pressure decreases until the same critical value and then increases. Since for nonvanishing values of α, the pressure is lower than the outlet pressure, we conclude that we are we are in presence of more and more important reverse flows.
Other findings in literature, conclusions and perspectives In the other hand, the majority of references using CFD simulation concern the stenosis present at some types of arteries (coronary, carotid, renal etc…) other than the left subclavian artery or simply a stenosed arterial segment, generally considered to be cylindrical and straight. The most recent article, Blanco and al (2016) , uses the ADAN model with pulsatile flow to simulate subclavian steal and coronary-subclavian steal phenomena. The goal of this work was to perform a computational study to gain insight into the hemodynamic forces that drive blood flow steal mechanisms caused by subclavian artery stenosis. The authors presented a comparison between the ADAN model predictions for different degrees of stenosis (80%, 90%, 95% and 99%) and velocity measurements (mean and standard deviation, measured in cm/s) obtained from DUS in the ipsilateral (left) and contralateral (right) vertebral artery of controls, and of patients with subclavian steal, Päivänsalo and al (1998).
The only comparison that can be made between their results and ours is the fact that we agree with them in their conclusions concerning the observation that, as the degree of stenosis is increased, they first match the partial steal condition and consistently approach the complete steal condition as it is defined in Päivänsalo and al (1998) . This coincides with our finding of the famous critical value of stenosis degree located between 80% and 90%. Table 1 ), we find a good agreement.
All these ascertainment lead us to conclude that our CFD simulation of steady blood flow using our original aorta and left subclavian stenosis geometries give excellent results.
We expect to improve our results by applying CFD simulation with our geometries to study pulsatile blood flow (work in progress) with well adapted physiological inlet/outlet boundary conditions and taking into account the elasticity of the walls. We also plan to deepen our study concerning turbulence modeling, the critical value of stenosis degree and the behavior of hemodynamic parameters.
Currently there is no standardized procedure to grade the physical severity of the stenosis. We hope that our work will contribute to a good knowledge of hemodynamic parameters, such as velocity, flow rate, wall shear stress and pressure drop that will permit a good diagnosis and surgical decision-making.
